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Introduction:  Short-lived radionuclei (SLRs) are 
radioactive isotopes with half-lives shorter than 100 
Myr, which were present in the early solar system 
(ESS, [1]). Because of their relatively high abundances 
with respect to that of the interstellar medium (ISM), 
some SLRs must have been produced within, or close 
in space and time to the ESS rather than during con-
tinuous Galactic nucleosynthesis [2]. 

Iron-60 (mean life τ = 2.2 Myr) holds a special po-
sition because it is only produced efficiently by stellar 
nucleosynthesis unlike other SLRs, which can also be 
made in the protoplanetary disk via irradiation of 
dust/gas by accelerated energetic particles such as pro-
tons [3]. As such, 60Fe provides important clues about 
the stellar environment of the ESS [4].  

Two different quantitative scenarios involving 
nearby, single supernova (SN) were proposed whereby 
60Fe is injected either into the solar protoplanetary disk 
[5] or into the molecular cloud (MC) core progenitor 
of our solar system [6]. It is however extremely 
unlikely a SN lies close enough to a disk (and a core) 
to deliver SLRs at the level observed in the ESS [7, 8].  

Here, we quantitatively evaluate a scenario propos-
ing that 60Fe was inherited in the progenitor MC from 
several SNe from previous episodes of star formation.  
The SPACE model:  Recently, a new paradigm con-
cerning the formation mechanisms and lifetimes of 
MCs emerged [9]. In this view, referred to as the tur-
bulent convergent flow model, MCs result from the 
collision of coherent flows and large-scale shocks in 
the ISM driven by winds from massive stars and SN 
explosions. Such collisions compress the interstellar 
atomic gas, and after 10 to 20 Myr of evolution, the 
gas is dense enough to be shielded from the UV radia-
tion and to become molecular. Star formation follows 
immediately after the formation of the dense molecular 
gas. If the turbulent convergent flow model is correct, 
relatively high concentrations of 60Fe and other radio-
activities with half-lives > 1 Myr are expected in MCs. 
This is because SN ejecta, whose compression effects 
build MCs, also carry large amount of radioactive ele-
ments such as 60Fe. Although it can take as long as 20 
Myr to build a MC, live 60Fe is continuously replen-
ished in the second generation MC by SNe originating 
from the first episode of star formation, which explode 
every few Myr. We therefore suggest that 60Fe in the 
ESS was inherited from multiple SNe from previous 

episodes of star formation and name our model 
SPACE for Supernova Propagation And Cloud En-
richment. 

 
Quantitative calculations:  We consider a first gen-
eration of stars formed in MC1 and a second genera-
tion of stars formed in MC2 (Fig.1). After dissipation 
of the gas, the first (second) generation of stars be-
come the OB1 (OB2) association. In our model, SNe 
from MC1 deliver 60Fe into the second generation 
MC2. The mass of 60Fe in MC2 as a function of time t 
(time zero being the onset of star formation in MC1) 
reads: 

 
where f is a geometrical dilution factor, η is the mixing 
efficiency, NSN is the number of SNe which have ex-
ploded in OB1 before time t, YSNi(60Fe) is the 60Fe 
yield of the ith sn in MC1 and ti is the time of the ith SN 
explosion in MC1. 

The stellar masses M in MC1 are calculated follow-
ing the stellar Initial Mass Function [10]. The yields of 
60Fe have been determined for a diversity of SNe, cor-
responding to progenitor massive stars with masses 
ranging from 11 to 120 Mø [11-13]. The explosion 
time ti of each massive star depends on the mass of the 
progenitor and is given by the evolutionary tracks of 
[14]. The interface of the ejecta and the shocked ambi-
ent medium is expected to be turbulent due to various 
instabilities [15]. Thus, we expect the efficiency of 
mixing to be very high, and use η = 1, in line with the 
value of η  adopted by [16] in the case of single SN 
models. Given that in our model, the SNe from OB1 
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by definition face MC2, we expect f to be close to 0.5. 
We assume that only 10 % of the SN ejecta contributes 
to the sweeping-up of atomic gas and the adduction of 
60Fe into the new MC, and therefore f = 0.1. 

The evolution of 60Fe in MC2 is calculated for dif-
ferent sizes of MC1, i.e. for different values of its 
number of stars, N1. For each N1, the calculation is 
realized about 100 times to account for the stochastic 
nature of star formation. A typical example, with N1 = 
5000 stars, is given in Fig. 2 where each thin line 
represents one realization of the simulation, while the 
thick red line is the average of 102 realizations. 

 
Because MCs need between 10 and 20 Myr to be 

built by turbulent convergent flows [9], we calculate 
the average 60Fe abundance between 10 and 20 Myr, 
MMC2(60Fe). In our typical case, MMC2(60Fe)= (3.2 ± 
2.0) x 10-6 Mø. Because the observed collapse time-
scales of cores (~105 yr, [17]) are far lower than the 
60Fe half-life, there is no need for an extra decay term 
between the averaged MC stage and the disk stage. 

The abundance of 60Fe in ESS is not precisely 
known. A stringent upper limit of 6 x 10-7 was placed 
on the 60Fe /56Fe ratio [18]. Adopting conservatively 
60Fe /56Fe = 3 x 10-7, the MC progenitor of our solar 
system had an 60Fe concentration of [60Fe]SS = 4x10-10 
Mø per unit of solar mass, assuming a 56Fe /1H ratio of 
3.2 x 10-5, and a metallicity of 0.7 [19]. 

Our model can account for the 60Fe abundance in 
the ESS provided it formed in a MC with a mass 
MMC2= MMC2(60Fe)/[ 60Fe]SS = (0.80 ± 0.50) x 104 Mø. 
Our typical case, N1 = 5000 stars, corresponds to the 
estimated number of stars in the UCL-LCC association 
which formed ~ 12 Myr before the Upper Sco associa-
tion [20], within the 10-20 Myr interval defined above. 
If we take 2350 Mø as the stellar content of Upper Sco 
[20] and a molecular gas mass of (0.8 ± 0.5) x 104 Mø, 
we obtain a star formation efficiency of 29+50

-11%. This 
is in line with the observed star formation efficiencies 
(5-30 %) of nearby star-forming regions [21], implying 
that if Upper Sco molecular gas was swept-up by the 

explosions of SNe from the UCL-LCC association 
[22], it is expected to contain 60Fe at a concentration 
similar to that of the ESS.  
Discussion: It is obvious that given the stochastic na-
ture of star formation and the variable formation time-
scales of MCs, a range of 60Fe abundance is expected 
in MCs (Fig.2), and therefore in protoplanetary disks. 
Though some parameters could vary, the point of the 
calculations above is to show that for typical numbers 
(60Fe yields, MCs masses and formation timescales, 
star formation efficiency...), the estimated ESS abun-
dance of 60Fe can be reproduced in the context of a 
reasonable astrophysical model. 

The paradigm for MC formation here described is 
however not universally accepted. An alternative or 
complementary view is that gravitational instabilities 
represent the main driver for MC formation rather than 
large scale  convergent flows [9]. However, independ-
ently of the main driver for MC formation, it remains 
observationally true that most stars form in Giant Mo-
lecular Clouds (GMCs). In such a context, MC1 and 
MC2 would represent two different regions of the 
same GMC which have evolved at different paces. 

Our model differs from previous models on several 
important points. First, 60Fe is delivered to a MC by a 
diversity of SNe rather than by a single SN. Second, 
the mass of the receiving phase is orders of magnitude 
larger than for the single SN models. Third, 60Fe is not 
injected into a dense phase isolated from the rest of the 
ISM, but is delivered into a relatively diffuse ISM 
phase interacting with other ISM components leading 
to high mixing efficiency. Fourth, the 60Fe -producing 
SNe belong to previous generations of massive stars 
rather than to the same generation of stars. Finally, this 
new model takes quantitatively into account the sto-
chasticity of the star-forming process. 
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